*Potato virus Y* (PVY) is a member of the *Potyvirus* genus. It is an important aphid-transmitted virus species that causes economically important diseases in potatoes (*Solanum tuberosum* L.) and many other plant species throughout the world ([@b12-ppj-33-206]). The peach aphid (*Myzus persicae*) is an important vector in transmitting PVY ([@b16-ppj-33-206]). However, only winged (alatae) aphids have the ability to transmit the virus horizontally, from an infected potato plant to other healthy plants, because of the short time they remain viruliferous and are able to transmit the virus ([@b1-ppj-33-206]) in a non-persistent manner ([@b27-ppj-33-206]). The timing of the occurrence of these alatae aphids, their numbers, and their flight behavior affect the spread of PVY in potatoes. Forecasting models, based on monitoring aphids, have been developed to predict the movement time of these aphids ([@b17-ppj-33-206]).

The spread of PVY infection in a crop is not only dependent on the aphid transmission ability, but also on the susceptibility of the host to infection. Older plants often show a stronger resistance to infection than younger and -tender plants, due to the presence of physical barriers (e.g., hairs, waxes) that prevent insects from probing or feeding on them and delivering the virus. Resistance could also be attributed to volatile emissions that repel insects or stronger antiviral resistances that are active against the delivered viruses ([@b4-ppj-33-206]; [@b9-ppj-33-206]). In addition, in older plants, virus spread into already developed tissues is slower or completely blocked as it follows the source-to-sink route ([@b18-ppj-33-206]), whereas in younger developing plants, systemic spread into new developing tissues occurs quickly.

Temperature is an environmental parameter that differentially affects the interaction of compatible hosts with different RNA viruses ([@b8-ppj-33-206]). Elevated temperatures have been proposed to increase the efficacy of the gene silencing-based antiviral defense ([@b2-ppj-33-206]; [@b22-ppj-33-206]), whereas in potatoes, higher efficiency of a hypersensitive resistance to PVY was observed at lower temperatures ([@b23-ppj-33-206]). In the case of infection of the *Solanaceous* host *Nicotiana benthamiana* by a PVY isolate, it was found that, at relatively elevated temperatures (30°C), the antiviral silencing defense could be suppressed by the virus.

Systemic viral titers could affect the transmission efficiency of the virus to new hosts by the insect vector, although this has not been tested. Therefore, other processes in the viral cycle, including replication and spread, must be affected by temperature in this plant-virus interaction ([@b8-ppj-33-206]; [@b10-ppj-33-206]; [@b21-ppj-33-206]). Whatever the cause, temperature is a major factor affecting the systemic infection of compatible host plants by some positive-sense RNA viruses ([@b4-ppj-33-206]; [@b8-ppj-33-206]). In the case of the PVY-potato system, a model that predicts when, after infection, a potato plant becomes a new source of virus for a vector---or when the plant becomes fully systemically infected by the virus at a certain temperature---would be an important tool to forecast the spread of PVY infection in a crop. In this study, therefore, we developed a systemic infection model that explained and predicted the proportion of systemically-infected plants in a potato population at an ambient growth temperature.

An aphid transmissible PVY-O Korean isolate (PVY-Jeju) was used as inoculum to infect potatoes. A Korean potato cultivar Chu-Baek was used in the systemic infection experiments. Because aphid is poikilotherm and their role as a PVY vector can be affected by various other factors, PVY virus was inoculated mechanically following the description of [@b24-ppj-33-206]. Fifty microliters of an extract from PVY-infected potato leaves was inoculated on their two lower leaves of a potted potato plant, 10--15 cm in height and with 4--5 expanded leaves that had been grown for 4 weeks after the rooting of cuttings. The extract was prepared in phosphate-buffered saline (PBS) at a pH of 6.8 (weight:volume, 1:1). This extract was aliquoted and then kept frozen until inoculation, to ensure that all plants in the experiments were challenged with the same inoculum. The inoculation was performed by applying the extract onto carborundum-dusted leaves, followed by gentle rubbing with gloved fingers.

To establish how temperature affected the systemic infection of potatoes, plants were grown at 12°C, 16°C, 20°C, 24°C, 28°C, 32°C, and 35 ± 1°C, in a 16:8 (daylight:darkness) photoperiod in controlled environment growth chambers (MLR-350H; Sanyo Electric Co., Osaka, Japan). Twenty plants were used for each temperature treatment. Sample discs were collected with an Eppendorf cap (disc diameter of 8 mm) from upper expanding leaves of each potato plant at 2 d intervals from the third day (72 h) after the initial inoculation, for a total of 17 days (eight discs collected per plant). Discs were frozen in liquid N and stored at −80°C until the time for analysis.

The presence or absence of PVY in discs was determined by the direct enzyme-linked immunosorbent assay (Direct-ELISA). Each disc was ground inside an Eppendorf tube (1.5 ml) in 150 μl of PBS at a pH of 6.8, and centrifuged for 1 min at 5,000 rpm for clarification. One hundred microliters of clear supernatant were mixed with coating buffer (0.1 M sodium-carbonate buffer, pH 9.6) at a 1:1 ratio and poured into the wells of ELISA plates. The plates were stored overnight at 4°C for coating. Extract-coated plates were then washed twice with PBS containing 5% Tween-20 (PBS-T), and 200 μl of a primary rabbit polyclonal antibody against the coat protein of PVY ([@b15-ppj-33-206]) was added, diluted to 1/1,000 in PBS with 0.6% nonfat milk for 2 h. Plates were then washed twice with PBS-T and incubated with 200 μl of a solution of a commercial alkaline phosphatase-conjugated secondary antibody (Cat. A3687; Sigma Aldrich, St. Louis, MO, USA) diluted to 1/10,000 in PBS containing 0.6% non-fat milk. After 2 h of incubation at 37°C, the wells were washed and 200 μl of the para-nitrophenol phosphate substrate solution was added to each well. One hour later, colorimetric reactivity was measured at 405 nm by UV-Spectroscopy (Versamax Microplate Reader, Sunnyvale, CA, USA). Readings were considered a positive indication of infection with PVY if they were at least two times higher than the readings obtained from discs of non-inoculated potatoes (control) in the same plate.

Completion rate to systemic infection (1/mean day) were expressed as the reciprocal of the days required for systemic infection by PVY-O to be detected. A linear relationship was observed in the range of 16°C to 28°C. The lower temperature threshold and the thermal constant were calculated by solving the intercept/slope and 1/slope of the fitted equation for each stage, respectively. The completion rate curve to systemic infection was also fitted to a nonlinear model. The Lactin-2 model ([@b14-ppj-33-206]) is
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where *r*(*T*) is the development rate at *T* °C, *T~max~* is a thermal maximum, *Δ* is the temperature range over which "thermal breakdown" becomes the overriding influence, and *ρ* is a composite value for critical enzyme-catalyzed biochemical reactions ([@b7-ppj-33-206]). The *λ* allows the curve to intersect the abscissa at suboptimal temperatures ([@b14-ppj-33-206]). These parameters were estimated using the TableCurve 2D program ([@b13-ppj-33-206]).

A cumulative frequency distribution for completion of systemic PVY infection was constructed by the thermal constant derived from adding the frequencies of successive ages (expressed as days) of the plants. The curve was scaled to "1" by dividing the frequency at each plant age by the total frequency. The standardized cumulative proportion curve, which showed the variation in the systemic infection time, was obtained by transforming the day-based plant age into a standardized age (i.e., physiological age) at various temperatures. Physiological age is used as an index of relative age, dependent on the physiological or behavioral history of the individual instead of chronological age (reviewed by [@b11-ppj-33-206]). The cumulative proportion curve was fitted by a three-parameter Weibull function ([@b26-ppj-33-206])

F

(

P

x

i

)

=

1

\-

exp 

(

\-

\[

P

x

i

\-

γ

η

\]

β

)

,

where *F*(*Px~i~*) is the cumulative proportion of systemic infection completion of physiological age (*Px~i~*) at the *i*th day. The parameters, *γ*, *η*, and *β*, were estimated using the TableCurve 2D program ([@b13-ppj-33-206]). The physiological age (*Px~i~*) at the *i*th day was calculated according to the rate summation method ([@b6-ppj-33-206])
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where *r* (*T~j~*) is the completion rate to systemic infection at temperature T (°C) at the *j*th day after infection. The Δ*t* is the time interval and is set to 1, with 1 day intervals. Therefore, the daily probability of systemic infection in the PVY-infected potato plant at the *i*th day could be calculated as
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Data are expressed as means ± standard error, and ANOVA analysis was conducted with the SAS program ([@b19-ppj-33-206]). Means were separated by Tukey's studentized range test at *P* = 0.05.

Temperature affected the timing of appearance of systemic infection of PVY in upper leaves of Chu-Baek potatoes and, therefore, the rate of spread of the infection. The times of systemic infection at different temperatures are shown in [Table 1](#t1-ppj-33-206){ref-type="table"}. No systemic infection was detected for 12°C, 16°C, and 35°C at 17 days after inoculation. The length of time for the appearance of systemic infection decreased steadily with increasing temperatures, from 14.0 days at 20°C to 5.7 days at 28°C, and then increased sharply at higher temperatures (F = 18.37, degree of freedom \[df\] = 3, 36, *P* \< 0.0001). Systemic infection in all the plants was observed only at 24°C and 28°C. The percentage of plants infected systemically decreased to 90% at 32°C, and it dropped to only 20% at 20°C ([Table 1](#t1-ppj-33-206){ref-type="table"}).

The parameters, *a* and *b*, of the linear model (Y = a·X + b) were 0.01525 and −0.2, respectively (*r^2^* = 0.985). The estimated lower thermal threshold was 15.6°C. The thermal constant, the thermal amount needed to achieve systemic infection, was 65.6 degree days (DD) for systemic infection of PVY in potato ([Fig. 1A](#f1-ppj-33-206){ref-type="fig"}). For example, systemic infection can be estimated when the cumulative degree days of air temperature with base temperature 15.6°C is greater than 65.6°C.

Concerning the completion rate to systemic infection model, the Lactin-2 model ([@b14-ppj-33-206]) was statistically significant (F = 104.187; df = 3, 2; *P* = 0.0095). This model produced an infection rate curve with a high *r^2^* value for nonlinear regression and low standard errors for all parameters ([Fig. 1A](#f1-ppj-33-206){ref-type="fig"}, [Table 2](#t2-ppj-33-206){ref-type="table"}). The infection rate increased with increasing temperature, to a maximum at 28°C, after which it decreased ([Fig. 1A](#f1-ppj-33-206){ref-type="fig"}).

The cumulative distribution of completion of systemic PVY infection against the physiological plant age is shown in [Fig. 1B](#f1-ppj-33-206){ref-type="fig"}. The three-parameter Weibull function ([@b26-ppj-33-206]) was applied to fit to the curve. The regression model was statistically significant (F = 269.286; df = 2, 24; *P* \< 0.0001), and the estimated values for parameters, *γ*, *η*, and *β*, were 0.4706, 0.6202, and 2.4891, respectively ([Table 2](#t2-ppj-33-206){ref-type="table"}). Among these parameters, *γ* indicates the expected the first occurring time of systemic, and *β* indicates the steepness of curve for cumulative completion rate of incubation time. A fifty percent of systemic infection will occur at the physiological time of *γ* plus *η* ([@b3-ppj-33-206]; [@b26-ppj-33-206]).

The predicted probability curve of a plant becoming systemically infected, relative to temperature and days after infection by PVY in the potato population, is shown in the vertical axis of the plot ([Fig. 2](#f2-ppj-33-206){ref-type="fig"}). The combined pattern of curves had a 'U' shape within the temperature range of 16°C to 35°C, with a maximum systemic infection probability peak at 28°C.

In this study, temperature affected the systemic infection of PVY in young potato plants ([Table 1](#t1-ppj-33-206){ref-type="table"}). The time needed to detect systemic infection decreased steadily with increasing temperature, from 14.0 days at 20°C to just 5.7 days at 28°C, only to increase sharply at higher temperatures. These results are similar to those reported for PVY-infected tobacco (*Nicotiana tabacum* L. \[[@b5-ppj-33-206]; [@b20-ppj-33-206]\]). Systemic infection of PVY was not detected by ELISA as well as external symptoms in potato plants maintained at less than 16°C or at 35°C ([Fig. 1A](#f1-ppj-33-206){ref-type="fig"}). In addition, the proportion of potato plants that became systemically infected dropped to only 20% at 20°C, whereas 100% of potato plants became systemically infected at 24°C and 28°C. Considering the sharply decreased completion rate to systemic infection and the lower thermal threshold, estimated at 16°C, our PVY isolate could not systemically infect these potatoes under such low temperature. This was perhaps attributable to the low replication rate, the inability to overcome plant defense responses, or the limited progress of viral systemic spread after infection. In this regard, a hypersensitive resistance to PVY in some potato cultivars is more efficient at lower temperatures (16--18°C) than at higher temperatures (19--24°C; [@b23-ppj-33-206]).

We constructed a model that reflects the systemic infection of PVY in potato using a completion rate to systemic infection model, and a systemic infection distribution model to describe the occurrence of systemic infection complete, based on the stage transition approach of multiple cohorts in insect populations ([@b6-ppj-33-206]; [@b26-ppj-33-206], [@b25-ppj-33-206]). The completion rate curve to systemic infection within a temperature range of 15.7--35.1°C showed that PVY systemic infection increased linearly, to an optimum temperature, and decreased thereafter ([Fig. 1A](#f1-ppj-33-206){ref-type="fig"}). Physiological age was calculated after summing the rates from the Lactin-2 model for a given temperature.

Three-parameter Weibull functions were used to create a systemic infection distribution model that incorporated the stochastic aspects of systemic infection. Variable time of appearance of systemic infection was normalized at the different temperatures to the PVY-infected plant age ([@b26-ppj-33-206]). This was useful for predicting the first day of appearance of systemic infection compete, 50% of infection of the potato population, and the day at which systemic infection affected the entire potato population ([@b3-ppj-33-206]). With these procedures ([@b25-ppj-33-206]), the probability of completion of systemic infection in the PVY-infected potato population could be simulated ([Fig. 2](#f2-ppj-33-206){ref-type="fig"}). Although systemic infection model is not validated with field data, it describes the systemic infection of potato population well at a various temperature range.

In this study, we showed that temperature affects the systemic infection of potato plant by PVY, implying that systemic infection must be an important step to decide the time when the potato plant is fully infected after transmission of PVY by aphid in nature. Also, there were individual variations in systemic infection. Those aspects are well incorporated into our systemic infection model based on the concept of insect model ([@b6-ppj-33-206]; [@b26-ppj-33-206], [@b25-ppj-33-206]). Therefore, the systemic infection model of this study, alone or together with other models, could be useful in predicting the occurrence and prevalence of systemic infection by a PVY outbreak in a potato population, at different temperatures. In addition, the model could be useful for the diagnosis and control of disease, and for breeders and biotechnologists when producing and evaluating resistance in potato.
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![Systemic infection model of *Potato virus Y* (PVY) in Chu-Baek potato plants. (A) Linear and non-linear model were fitted to the completion rate curve to systemic infection (1/mean day). (B) Cumulative proportion when the systemic infection in the PVY-infected potato plant occurs, as a function of the plant physiological age. A three-parameter Weibull function ([@b26-ppj-33-206]) was used.](ppj-33-206f1){#f1-ppj-33-206}

![Predicted curve of the probability of systemic infection by *Potato virus Y* in Chu-Baek potato plants relative to the ambient temperature and the time after the initial local inoculation.](ppj-33-206f2){#f2-ppj-33-206}

###### 

Time of appearance of systemic infection by *Potato virus Y* in Chu-Baek potatoes at different constant temperatures

  Temperature (°C)   No. of potato plants   Infection time (day)                                       \% of plants infected systemically   
  ------------------ ---------------------- ---------------------------------------------------------- ------------------------------------ -----
  12                 20                     \-                                                         \-                                   0
  16                 20                     \-                                                         \-                                   0
  20                 20                     14.0 ± 0.07 a[\*](#tfn2-ppj-33-206){ref-type="table-fn"}   14.0                                 20
  24                 20                     7.0 ± 0.35 b                                               6.2                                  100
  28                 20                     5.7 ± 0.33 b                                               4.5                                  100
  32                 20                     7.8 ± 0.67 b                                               8.5                                  90
  35                 20                     \-                                                         \-                                   0

-, not detected within the time-range of the experiment (17 days after inoculation).

Means followed by the same online letters in a column are not significantly different by Tukey's honestly significant difference (HSD) test at *P* = 0.05 (F = 18.37, df = 3, 36, *P* \< 0.0001).

###### 

Parameters of the non-linear model of the systemic infection of Chu-Baek potato plants by *Potato virus Y*

  Model                                                                    Parameter   Estimated value     *r*^2^
  ------------------------------------------------------------------------ ----------- ------------------- --------
  Infection rate model[\*](#tfn3-ppj-33-206){ref-type="table-fn"}          *ρ*         0.0160 ± 0.00245    0.994
                                                                           *T~max~*    42.2707 ± 1.18834   
                                                                           Δ           5.0511 ± 1.15696    
                                                                           *λ*         −1.2745 ± 0.04539   
  Infection distribution model[†](#tfn4-ppj-33-206){ref-type="table-fn"}   *γ*         0.4706 ± 0.21544    0.957
                                                                           *η*         0.6202 ± 0.22568    
                                                                           *β*         2.4891 ± 1.06413    

Lactin-2 model ([@b14-ppj-33-206]) was applied.

Three-parameter Weibull function ([@b26-ppj-33-206]) was applied.
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